Background. The impact of folate deficiency on global DNA methylation is uncertain. It also is unclear whether global DNA methylation is associated with outcome in HCC. LINE-1 methylation levels, as a surrogate marker of global methylation, may be influenced by folate deficiency. However, the interaction between LINE-1 methylation and folate level on overall survival (OS) in hepatocellular carcinoma (HCC) patients is unknown. We evaluated whether LINE-1 hypomethylation and folate deficiency are associated with HCC prognosis. Methods. We prospectively recruited 172 HCC patients between 2008 and 2012. LINE-1 methylation levels in plasma and white blood cells (WBC) were measured by pyrosequencing, and plasma folate levels by a radioproteinbinding assay. Results. Patients with plasma LINE-1 methylation \70.0% (hypomethylation) had significantly worse OS compared with those with C70.0% methylation (hypermethylation)
instability. 4, 5 In particular, long interspersed nucleotide elements-1 (LINE-1) is the most common repetitive DNA element and constitutes about 17% of the human genome. 6 Due to its high genomic content, LINE-1 methylation is used as a surrogate marker for estimating the level of global DNA methylation. 6, 7 Although controversial, evidence suggest that LINE-1 hypomethylation may be associated with shorter disease-free survival and poor prognosis. 8 Studies have demonstrated that tumor-derived nucleic acids can be detected in plasma or serum samples in cancer patients and appear to serve as surrogate biomarkers for epigenetic alterations present within the tumor microenvironment. 9 Limited data also suggest that changes in global DNA methylation levels within blood may serve as prognostic biomarkers in HCC. 10, 11 Methyl groups for DNA methylation reactions are primarily supplied by S-adenosylmethionine through folate and vitamin B12-depedent one-carbon metabolism. Folate is a methyl donor in a number of molecular pathways (DNA methylation, synthesis and repair) that are necessary for cell survival and replication. Folate deficiency can lead to global hypomethylation, inducing carcinogenesis. 12, 13 However, studies examining the association between plasma folate and survival in HCC are limited.
In this study, we quantified LINE-1 methylation and plasma folate levels in a prospective cohort of 172 HCC patients. We evaluated whether LINE-1 hypomethylation and folate deficiency independently or multiplicatively associated with HCC prognosis.
MATERIALS AND METHODS

Patients
From October 2008 to July 2014, patients (C18 years old) with newly diagnosed or with recurrent HCC at Columbia University Medical Center were recruited for this prospective study. We excluded patients who had any other previous malignancy within the past 5 years, those who had undergone previous liver transplantation, and those with Child-Pugh (CP) class C disease. The demographic and clinicopathological characteristics of a subset of the patients were described previously.
14 During the study period, 187 patients were invited to participate and 12 patients refused. In addition, one patient without evidence of HCC on pathological examination and two patients who were lost of follow-up also were excluded. Finally, 172 HCC patients were included in the study and followed until March 2016. The study protocol was approved by the Institutional Review Board at Columbia University, and all patients provided written, informed consent.
Clinical and Questionnaire Data
Subjects completed an epidemiologic questionnaire, underwent a physical examination, and provided a fasting morning blood sample at the time of enrollment. Information on biochemical blood analysis was obtained from the medical records. Simultaneously, an additional 30 mL of blood was collected and processed immediately by the Irving Institute's Biomarker Core at Columbia University. Plasma was separated from EDTA anticoagulated whole blood, which was centrifuged for 10 min at room temperature at 3000 rpm. The plasma containing upper phase was removed and then recentrifgued under the same conditions. The upper plasma phase was isolated, making sure not to disturb the pellet to minimize contamination with buffy coat. All blood samples were divided into aliquots and stored at -80°C until analysis. Laboratory staff was blinded to the study hypotheses and outcomes.
Measurement of LINE-1 and Folate
Plasma DNA was isolated using QIAmp UltraSense Virus Kits (Qiagen, Valencia, CA). Genomic DNA was extracted from the white blood cells (WBC) fraction by a standard salting out procedure. Aliquots of DNA (500 ng) were bisulfite-treated with the EZ DNA methylation kit (Zymo Research, Orange, CA) following the manufacturer's protocol. Pyrosequencing for LINE-1 methylation levels in plasma DNA and WBC was performed using PCR with sequencing primers targeting three CpG sites (positions 318-331, accession no. X58075) (Supplementary Table S1 ). The biotinylated PCR products were purified and made single-stranded to act as a template in the pyrosequencing reaction using the PyroMark Q96 Workstation (Qiagen). Then, the pyrosequencing was run on a PyroMark Q96 MD instrument (Qiagen), with subsequent quantitation of methylation levels determined with the PyroMark CpG 1.0.11 software. The degree of methylation was determined by averaging across all three interrogated CpG sites in the analysis. Non-CpG cytosine residues were used as internal controls to verify efficient sodium bisulfite DNA conversion; all samples contained no detectable nonconverted C. The assay for LINE-1 failed on two plasma DNA samples and thirteen WBC DNA samples. The interassay coefficient of variation (CV) was 0.5% for plasma DNA and 1.0% for WBC DNA.
Plasma concentrations of folate were measured using a radioprotein-binding assay (SimulTRAC-S; MP Biomedicals). To determine folate concentration, we used folic acid as pteroylglutamic acid for calibration, and its 125 I-labeled analog was used as the tracer. Twelve samples failed in the assay. The intra-assay and inter-assay CVs were 6% and 14%, respectively. All measurements were conducted in duplicate.
Statistical Analysis
Continuous variables were expressed as categorical variables using median values as cutoffs. The following variables were used in the data analysis: age (C62.7 or \62.7 years), gender, race/ethnicity, viral hepatitis B and C infection (yes/no), alcohol use (yes/no), cigarette smoking (yes/no), diabetes (yes/no), BMI (C25.0 or \25.0 kg/m 2 ), waist to hip ratio (WHR) (C0.952 or \ 0.952), Child-Pugh class (A/B), metastasis (yes/no), BCLC stage (0, A/B, C), Milan criteria (within/outside), and serum alpha-fetoprotein (AFP) (C47.85 or \47.85 ng/ mL) and carbohydrate antigen 19-9 (CA 19-9) levels (C38.0 or \38.0 U/mL). Experimental results for plasma LINE-1, WBC LINE-1, and plasma folate were expressed as median with interquartile range (IQR). The Wilcoxon rank-sum test or Kruskal-Wallis test was used to compare values between demographic and tumor characteristics. We also categorized these biomarkers using quartiles of baseline levels. Kaplan-Meier plots and univariate Cox proportional hazards models were used to determine the association between variables of interest and time to death.
Variables that were clinically relevant and showed statistical significance in univariate analyses were included in the multivariate Cox proportional hazards models to estimate the adjusted hazard ratios (HRs) and 95% confidence intervals (CIs). According to our previous study, covariates, such as age, CP class, Milan criteria, AFP, and liver transplantation, were included in the multivariate Cox proportional hazards models.
14 Overall survival (OS) was measured from the date of enrollment to the date of death/date of censoring. Patients who were alive at the last follow-up evaluation were censored at that time. A likelihood ratio test comparing models with and without an interaction term was used to evaluate whether LINE-1 methylation level interacted with folate level to modify the risk of survival. All analyses were performed using Statistical Analysis System 9.4 (SAS Institute, Cary, NC), and two-sided P values \ 0.05 were considered statistically significant.
RESULTS
Patients' Demographic and Tumor Characteristics associated with LINE-1 Methylation and Folate Levels
The median age of the study participants was 62.7 years. Among the cohort, 78% were men, 48% were non-Hispanic white, 17% had HBV, 58% had HCV, and 44% were diabetic. A majority of the patients were CP class A (62%), 38% were within the Milan criteria, and 64% were within BCLC stage B and C. Median follow-up was 1.12 years, and median survival time was 1.50 years. During the follow-up period, 12.4% underwent a liver resection and 21.2% a liver transplantation.
Median (IQR) baseline levels of plasma LINE-1 methylation, WBC LINE-1 methylation, and plasma folate were 72.3% (4.0), 76.5% (5.3), and 27.7 nmol/L (18.6), respectively. The levels of these three biomarkers according to the subjects' demographic and tumor characteristics are summarized in Table 1 . Higher WBC LINE-1 levels were associated with subjects who were younger than 62.7 years old (P = 0.02) and with a waist to hip ratio C0.952 (P = 0.023). Higher plasma LINE-1 levels were observed among subjects who were older than 62.7 years (P = 0.037). However, plasma folate level was not associated with any demographic or tumor characteristics.
Association between Demographic and Tumor Characteristics and Overall Survival
The univariate analysis for the association between demographic and tumor characteristics and overall survival in HCC patients is shown in Supplementary Table S2 . A worse survival was significantly associated with CP class B (HR = 1.57), metastatic disease (HR = 3.73), outside Milan criteria (HR = 3.56), BCLC stage B or C (HR = 3.01), and AFP C 47.85 ng/mL (HR = 2.71). In contrast, liver transplantation conferred an improved OS (HR = 0.12). These variables were selected as potential covariates in the multivariate analyses.
Association Between LINE-1 Methylation and Folate Levels and Overall Survival
Using quartile levels of plasma LINE-1, WBC LINE-1, and plasma folate, we evaluated their associations with HCC survival (Supplementary Table S2 ). For plasma LINE-1, compared to Q4 (C74.0%), the HRs were lower in Q3 (72.26-74.0%) and Q2 (70.0-72.26%) but higher in Q1 (\70.0%). Thus, we defined Q1 as ''hypomethylation'' and combined Q2, Q3, and Q4 into ''hypermethylation.'' The patients with plasma LINE-1 hypomethylation experienced a shorter survival than those with plasma LINE-1 hypermethylation (Kaplan-Meier analysis; log-rank test, P = 0.0081; Fig. 1 ). The corresponding HR was 1.81 (95% CI 1.16-2.83; P = 0.009).
For WBC LINE-1 methylation, patients in Q1 (\73.7%), Q2 (73.7-76.5%), and Q3 (76.5-79.0%) had a 30% increased risk of death compared to those in Q4 (C79.0%). However, the higher risk was not statistically significant when we combined the Q1, Q2, and Q3 quartiles. For plasma folate, compared with Q4 (C39.2 nmol/L), the death rate was decreased in patients in Q3 (27.7-39.2 nmol/L) but increased in Q1 (\20.6 nmol/L) and Q2 (20.6-27.7 nmol/L). Therefore, we divided the plasma folate levels into low (Q1 and Q2) and high plasma folate (Q3 and Q4). The low plasma folate group had a significantly higher risk of death compared with the high plasma folate group (log-rank test, P = 0.0203; Fig. 2 ). The corresponding HR was 1.74 (95% CI 1.13-2.68; P = 0.013).
Multivariate Analyses for the association between LINE-1 Methylation and Folate Levels and Overall Survival
In the multivariate Cox proportional hazards Model 1, patients with low plasma LINE-1 methylation had shorter OS compared with patients with high LINE-1 methylation (HR = 1.77; 95% CI 1.12-2.79; P = 0.015; Table 2) . Similarly, Model 2 shows that patients with low folate level had a poorer OS than those with high folate level (HR = 1.96; 95% CI 1.24-3.09; P = 0.004). We also analyzed the combination of plasma LINE-1 methylation and plasma folate on survival in Model 3. There was significantly worse OS for patients with low levels of both plasma LINE-1 methylation and folate compared with those with both high levels of LINE-1 methylation and folate (HR = 3.36; 95% CI 1.77-6.40; P \ 0.001). However, this interaction was of borderline significance (P = 0.057).
DISCUSSION
We examined the hypothesis that global DNA hypomethylation and folate deficiency are associated with worse overall survival in a prospective cohort study of 172 HCC patients. We found that both lower levels of plasma LINE-1 methylation and plasma folate could serve as prognostic markers in HCC in our dataset. In addition, we found an interaction between LINE-1 and folate, although of borderline significance. Several studies have investigated the association between global DNA methylation and prognostic outcome in HCC patients. Using liver tissue specimens, most studies have demonstrated that LINE-1 hypomethylation is an independent risk factor for cancer recurrence and worse outcome among HCC patients. [15] [16] [17] [18] [19] However, Lee et al. failed to find a significant association, which may be due to inadequate statistical power (n = 20). 20 In addition, two studies also indicated that serum LINE-1 hypomethylation was significantly associated with poor survival. 10, 11 We first demonstrated that LINE-1 hypomethylation in plasma but not in WBC DNA was associated with worse survival in HCC patients. Detecting methylation profiles of circulating cell-free DNA (cfDNA) has emerged as a promising noninvasive approach for the diagnosis, prognosis, and monitoring of cancers. 9 The presence of hypermethylated tumor suppressor genes in cfDNA has been described in plasma samples from HCC patients as well. [21] [22] [23] These studies also have shown a high concordance of DNA methylation patterns in plasma and tumor DNA and indicate that plasma DNA may be used as a reliable source for testing methylation profiles in liver cancer patients. 22, 23 Therefore, our findings support a potential role of plasma LINE-1 hypomethylation as a useful surrogate marker to evaluate clinical outcomes in HCC patients.
Folate, as a methyl donor in the synthesis of S-adenosylmethionine, has been shown to mediate hepatocarcinogenesis by participating in DNA methylation and also in nucleotide synthesis and DNA repair. 24, 25 Studies have shown an inverse association between blood folate levels and HCC risk. [26] [27] [28] [29] [30] Therefore, folate status also may be associated with HCC prognosis. More advanced stage HCC patients have lower folate levels than those with earlier stage disease, but no study examined the role of circulating folate in survival of HCC patients. 31, 32 Our results, similar to Rossi et al. and Yang et al., show patients with lower levels of circulating folate were at increased risk of all-cause mortality after cancer diagnosis. 12, 13 The combined analysis of LINE-1 and folate showed a borderline significant interaction associated with OS in HCC patients. Given the importance of folate in DNA methylation and synthesis, it is plausible that chronic folate deficiency may be associated with global DNA hypomethylation. Measuring global DNA methylation indirectly through the incorporation of 3 H-methyl Sadenosylmethionine, a number of epidemiological studies have suggested a positive correlation between folate and global DNA methylation in healthy subjects. 33 In addition, a recent study also reported that folate deficiency is associated with LINE-1 hypomethylation. 34 Although no prior study focused on the interaction between folate status and global DNA methylation on cancer survival, our current findings of a strong association in the combination of low folate and LINE-1 hypomethylation are supported by a prior report that folate supplementation could limit the aggressiveness of glioma through the remethylation of DNA repeat elements via the Sp1/Sp3-mediated transcriptional up-regulation of genes coding for Dnmt3a and Dnmt3b proteins. 35 Those data suggest that the combined analysis of LINE-1 hypomethylation and folate deficiency can improve their sensitivity as prognostic biomarkers.
The current study had several notable strengths. This prospective cohort study collected information on a wide variety of factors, such as demographic, lifestyle, and clinicopathological factors, and long-term follow-up. In addition, all survival events in the study were confirmed by a medical oncologist. Despite these considerable strengths, the study has several limitations. The foremost limitation was that LINE-1 levels and folate status were determined only at baseline so changes over time could not be assessed. We also had a limited sample size to detect interactions.
In conclusion, our findings suggest that lower plasma levels of global DNA methylation and folate are associated with worse OS in patients with HCC. The prognostic significance of LINE-1 methylation and folate status requires further validation in a large-scale, prospective study.
